Abstract. In this paper, extending past works of Del Popolo, we show how a high precision mass function (MF) can be obtained using the excursion set approach and an improved barrier taking implicitly into account a non-zero cosmological constant, the angular momentum acquired by tidal interaction of proto-structures and dynamical friction. In the case of the ΛCDM paradigm, we find that our MF is in agreement at the 3% level to Klypin's Bolshoi simulation, in the mass range M vir = 5 × 10 9 h −1 M -5 × 10 14 h −1 M and redshift range 0 z 10. For z = 0 we also compared our MF to several fitting formulae, and found in particular agreement with Bhattacharya's within 3% in the mass range 10 12 − 10 16 h −1 M . Moreover, we discuss our MF validity for different cosmologies.
particle to identify haloes with spheres reaching a threshold density, given with respect to either critical or background density. Typical ratios with respect to the critical density ρ c are chosen from ∆ = 200 to 500 (or higher for clusters). SO-based halo mass functions are not universal especially at higher z.
The resulting two mass functions at z = 0 display close similarity for lower mass haloes, while the FOF case yields greater MF in higher-mass haloes [50] . At higher redshifts, the SO MF falls to ∼ 80% of the FOF at lower masses, with a stronger marked decrease at higher masses [50] .
The disagreement between FOF and SO is likely related to the tendency of FOF to link structures before they become a part of a virialized halo, a feature more frequent with the rare most massive halos, that tend to be out of equilibrium and in the process of merging. As a result, FOF masses are artificially inflated.
However, for isolated, relaxed halos, SO and FOF masses are strongly correlated [56, 57] . In cosmological simulations the mapping between the two halo definitions can be considered one-to-one at the 5% level of accuracy [58] . Nonetheless, a fair fraction of halos in simulations are irregular: currently favoured cosmologies yield 15%-20% of FOF halos with irregular substructure with linking length b = 0.2 or two or more major halo components linked together [58] . Such irregular halos not only fail to follow the simple SO to FOF mapping, but also lack a clear definition for halo mass.
Most numerical simulations have used FoF masses with linking length b = 0.2. As several authors showed [35, 45, 46, 51] , the FoF MF obtained in cosmological simulations can be fitted by a function, f (σ), of the variance of the linear density field σ. It has therefore been shown to be universal, independent of cosmology and redshift changes.
[35] claimed a universal behaviour of the mass function within 20%. [36] showed the existence of deviations from universality and subsequent studies [e.g. 48, [52] [53] [54] 56] showed that the MF is not universal beyond the 5-10% level.
Further studies on the FoF MF showed evidences of non-universality in the time evolution [52, 53] , or when changing the cosmology [54] , while others showed an almost universal behaviour [50] . 3 [48] found a violation of universality at high redshift, due to the effective spectral index n eff . Results of [47] were consistent with those of [48] , but only at z ≤ 5. 4 Their results exhibited a 5% residual in comparison to z = 0, in agreement with the MF of [51] . The FoF MF of the Millennium simulation increased by 20% for the redshift range z = 0 − 10 [48] and, when corrected for "spurious FoF linking between haloes", showed the same evolution (20%) in the range z = 0 − 1 [59] .
Also [52] and [53] found deviations from universality even for the FoF MF and provided redshift-dependent fits. [53] proposed a redshift dependent FoF MF with an accuracy of 2% at z = 0 and an evolution up to 10% in the range 0 < z < 2, 6 × 10 11 − 3 × 10 15 M . Similarly, [52] provided a fitting function that is accurate to 2% in the ranges 0 z 1 and 10 10 M 10 15.5 h −1 M . [55] used the Millennium-XXL simulation to obtain a universal mass function accurate to 5% in the mass range studied. [54] found a universal behaviour of the FoF MF in the ΛCDM model to a 5-10% level. For different cosmologies they found 3 According to [54] , the MF changes with cosmology because of the change of the collapse threshold δc. Cosmologies having smaller values of δc than that of the SCDM allow structures forming earlier with respect to the SCDM model, giving rise to a different halo MF. In order to have an exact universality, one needs a mechanism able to eliminate the effect of the past evolution of structure formation on the MF [54] . 4 They studied the mass function in the mass range 10 7 < M < 10
deviations from the universal behaviour at 5% level. [50] calculated the MF from their simulations using two different halo-finding methods: the FoF and the Spherical Overdensity (SO). The FoF MF was found weakly dependent on redshift and was well represented by a universal fit. A universal FoF MF fits to 10% the MF on their mass and redshift range. The MF universality across redshift was therefore valid only in some conditions and at a certain precision level. The SO MF had instead a redshift-dependent evolution. The proposed fit for the SO mass function was found valid within 20% in the redshift range 0 z 20, while the universal function fit was good within 10%. Their result concerning the SO MF agreed qualitatively with [56] , who found clearer evidences for deviations from universality in the case of the SO haloes with respect to FoF haloes. In their simulation the redshift dependence comes from the parameter Ω m . Their fit to the MF at z = 0 in the mass range 10 11 < M < 10 15 h −1 M was valid within 5%.
According to [49] , the difference in behaviour, namely the almost universality of the FoF MF and non-universality of the SO MF, is related to the fact that FoF links structures before they merge to form a virialized halo. This produces an "inflation" of FoF masses, which, combined with the steep decrease of the MF, gives rise to an increase of the haloes number density.
In this paper, we will use the model of [41] [42] [43] 60] and [61, 62] to show the evolution of the mass function that can be obtained in a modified spherical collapse model, taking into account the proto-structures' angular momentum acquired by tidal interaction with neighbouring objects and dynamical friction [see also 63, 64] .
In Section 2 we find and discuss the barrier that is used in Section 3 to determine the multiplicity and the mass function. Section 4 is devoted to the results, and Section 5 to the discussion.
ESF choices of barrier
The semi-analytic model called extended Press-Schechter approach, based on stochastic processes, also known as "excursion set formalism" (ESF) [37, 39] is often used to model the halo formation statistics and mergers. 5 The halo statistics is obtained from the statistical properties of δ(R f ), the average overdensity within a window of radius R f . Density perturbations are represented by a Gaussian density field, smoothed with a filter (e.g., top-hat or k-space filters, the latter being a top-hat filter in momentum space). In a hierarchical universe, δ(R f ) vs R f is a random walk [see 65]; in the excursion set approach, a halo forms when the random walk crosses a threshold value, or barrier, δ c . Other quantities are often used (e.g., the mass variance S) instead of the filtering radius.
In this framework, the first key quantity, the probability that a random walk first crosses the threshold (barrier) between S and S + dS, is called the first-crossing distribution. The last key quantity, known as multiplicity function, is related (as we will see in the following) to the mass function.
The Press-Schechter MF is re-obtained in the ESF by studying random walks and flat barriers. In order to improve the PS formalism, random walks with a non-flat barrier were considered. They are usually dubbed moving barrier as the barrier changes (moves) with S or mass.
The first study on the subject was [41] . They found that the collapse threshold becomes mass dependent. In particular, they showed that in the set of objects that collapse at the same time, those less massive must have initially been denser than the more massive ones in order for the former to hold themselves together against stronger tidal forces. [42] and [43] showed the new threshold (barrier) to give rise to a MF in good agreement with observations.
The mass dependence in the barrier solves the problems of the PS MF, suppressing low mass haloes abundance and increasing it for massive ones (with respect to the PS MF) [66] .
Such moving threshold is given by: In a later work, [44] used an ellipsoidal collapse, finding 
and
which give rise to a mass function in good agreement with simulations, when accurate values of a are chosen, as shown by [62] and [44] . 7 Changing the shape of the barrier (from flat to increasing with S) allows to incorporate several physical effects, from fragmentation and mergers [44] , to the effects of tidal torques [41] , cosmological constant [62] and dynamical friction (see the next sections). 6 Note that the usual definition of ν gives ν = [44] , the green short-dashed line the results of [41] , taking into account the effect of the tidal field, the orange long-dashed the result of [62] taking into account the effect of the tidal field and the cosmological constant, while the blue dot-dashed line takes into account the effect of the tidal field, the cosmological constant and the DF.
As Eqs. (2.3) and (2.4) show, the barrier found by [44] , Eq. (2.4) and [41, 42] , Eq. (2.3), are almost identical, as discussed in [68] .
In the case of a ΛCDM model, the collapse threshold, calculated in [62] , is given by
where α 2 = 0.4, β 2 = 0.02 and Ω Λ is the contribution of the cosmological constant Λ to the density parameter. The barrier given by Eq. (2.5), depending on the proto-structures' acquired angular momentum and on the cosmological constant, can be further improved by taking into account another important effect on the collapse of proto-structures: dynamical friction (hereafter DF). This was done in [61] , and is given by
where µ(δ) is given in Eq. (29) of [69] and Appendix A, and λ o = o T co , o being proportional to the DF coefficient η (see Appendix A and Eq. (23) of [70] ) and T co being the DF-less perturbation collapse time (see Appendix A and Eq. (24) of [70] ). The angular momentum L is calculated as shown in [61, 71, 72] and in Appendix A, while the DF term is obtained in [70] (see also Appendix A). Figure ( 1) compares δ c (ν) obtained by [44] by means of an ellipsoidal collapse model with the modified collapse thresholds obtained by Del Popolo. In the plot, the solid line represents the result of [44] , Eq. (2.2), the dotted line Eq. (2.1) obtained by [41] , the dashed line Eq. (2.5), namely the improvement of Eq. (2.2) including Λ, and the dot-dashed line Eq. (2.6), the improvement of Eq. (2.5) accounting for the effect of DF. All δ c (ν) are monotonically decreasing functions of ν and mass M , and monotonically increasing functions of S, in contrast with other models [e.g. 73, 74] . Their behaviour tends to the typical value of the spherical collapse (δ c 1.686) for large ν. This implies that less massive "peaks" (in the initial random field) form structures when crossing a higher threshold δ c than more massive ones.
Conversely, as high peaks are more probable in denser regions, the structure forming threshold δ c (M, z) is lower in overdense than underdense regions.
This reflects the different aspects of tides depending on the structures' mass. A peak acquires specific angular momentum j proportionally to its turn-around time t ta , itself anticorrelated with the peak height: j ∝ t ta ∝ δ(r, ν) −3/2 ∝ ν −3/2 . Hence smaller ν peaks are more sensitive to external tides, thus fixed time collapse leads them to be more overdense [41, 71, [75] [76] [77] [78] [79] [80] . Low-ν peaks tend to resist more to gravitational collapse than high-ν peaks because they acquire larger j, and thus need higher density contrast to collapse and form structures. This is why structures need, on average, higher density contrast to collapse for small scales, where shear is more important.
Those results agree with [77, 78, 81, 82] . The latter found out that larger shear and angular momentum slow down the collapse. As smaller scales statistically hold larger shear and angular momentum, collapse of structures at those scales require a higher density contrast. Those results have been extended more recently by [83] [84] [85] [86] [87] [88] [89] for models with dark matter and dark energy.
Angular momentum possesses similar effects as a non-zero cosmological constant as, in particular, it especially slows down large mass structures' collapse, however the effect of the cosmological constant vanishes at high redshift (see also section 4). DF adds similarly to the angular momentum and the cosmological constant effects, cumulating into the moving barrier behaviour that reduces small haloes' abundance, and increases that of massive haloes, with respect to a flat barrier (PS mass function). A similar behaviour characterises the ST model of ellipsoidal collapse, caused in this case by the larger ellipticity carried by smaller haloes, leading to a larger collapse time [see 90].
Multiplicity and mass function
In the ESF, the unconditional mass function n(M, z), defined as the average comoving number density of haloes in a mass range M − M + dM is [37] 
where ρ is the background density. The quantity f (ν) is the so-called "multiplicity function", the distribution of the first crossing. In the case of constant and linear barriers [68, 91] , one can obtain an analytical approximation for the first crossing. In other cases, the first crossing distribution can be obtained by generating a large ensemble of random walks. As shown by [68] , for a large range of moving barriers, one can approximate the first crossing distribution using the formula
where T (S) can be obtained using a Taylor expansion of B(S):
where
The multiplicity function is now given by νf (ν) = Sf (S, t).
Applying the previous methods to the barrier given by Eq. (2.4), the use of Eqs. (3.2) and (3.3) gives, at fifth order n = 5,
where 5) and the values of a 1 , α 1 and β 1 have been given previously. Then [68] give
which is a good approximation to the first crossing distribution of the ellipsoidal barrier obtained through the simulations of unconstrained, independent random walks and that fitting the GIF simulations [see figure 2 of 68]
where A = 0.322. The same method, for the barrier taking into account the cosmological constant, given by Eq. (2.5), gives
The normalization factor A 1 = 0.974 must satisfy the constraint
Finally, in the case of the barrier including, as in previous papers, the effects of angular momentum and Λ, and now introducing the new effect of Dynamical Friction, it is given by νf (ν) At this point, it is important to stress that all numerical constants (except a) derive from barrier calculations: condition (3.9) gives the normalization constant A. Although the parameter a, which gives the number of high mass haloes, could also be obtained by the excursion set theory with a diffusing barrier, as shown by [93] , it was determined as a fit to the massive haloes number in the simulations of [44] , and thus could be interpreted as depending on the halo finder, which, in our case, similarly to [53] , is a FoF with a linking length of b = 0.2.
Since the number of halos, defined via FoF or SO techniques, is more affected by the change of technique at low masses rather than at high masses (provided the mass resolution of the simulation is good enough), the value of a is largely unaffected by the choice of the specific algorithm. Different considerations hold instead for the dependence of a as a function of the linking length parameter b. Given a background cosmological model, the virial overdensity ∆ vir can be evaluated, under certain assumptions, within the formalism of the spherical collapse model. Having this value and assuming for simplicity an isothermal profile for the dark matter halos, the mean density of the halo at the virial radius is ρ R vir =ρ∆ vir /3. Assuming that the density at the virial radius is represented by that of two particles in a sphere of radius b, one can relate it to a mean separation between particles. For an EdS model, b = 0.2, while for a ΛCDM cosmology with Ω m = 0.25 and Ω Λ = 0.75, b = 0.156. While the previously presented values proceed from the theoretical derivation of the linking length, in practice the value of an EdS model is also usually used for ΛCDM cosmologies. As noted by [54] , deviations from universality for the FoF mass function can be minimised by using the appropriate value of ∆ vir , hence a correct value for b. Ref. [54] also quantified this and showed that the best choice for b (called b univ ) can be obtained with the following relation:
This empirical correlation can be explained in the light of the results of [94] . The authors showed that at z = 0, the FoF overdensity for b = 0.2 is significantly larger than 178 and that it depends on b and on the halo concentration. Their analysis led to the following expression relating b to ∆ (the enclosed FoF overdensity)
It is clear that the way the concentration parameter is defined will also affect the definition of the linking length. This implies therefore a dependence of the mass function on the linking length parameter b.
In the light of these considerations, it is reasonable to assume that using the appropriate linking length for a given cosmology, will leave a unaffected. This could probably not be the case if, for a fixed cosmology, values of b much different from the optimal one are used, due to the bridging problem affecting FoF methods. As also explained by [94] , this issue needs to be investigated more deeply and quantitatively.
Results
In the present section, we will compare our mass function at z = 0 with several mass functions obtained from simulations over a large mass range. We will then compare its evolution with the result of [49] , in the redshift range 0 < z < 10 but over a more restricted mass range. Our choice was dictated by the lack of other exploitable simulations showing z-dependence: [46] is old, and [50] only plots some residuals and not the MF.
In the left panel of figure 2 , we plot the ratios of the mass function proposed by [35, 46, 48, [51] [52] [53] [54] [55] 68] with [50] , valid in the range −0.55 < log σ −1 < 1.31 which at z = 0 corresponds to the mass range 1.8 × 10 12 − 7.0 × 10 15 h −1 M . [35, 44, 51, 54, 68] give a universal mass function, while [48, 52, 53] provide an expression with z-dependent coefficients. 8 Apart from older mass functions, like that of [46] , our mass function agrees on average to a 3% level in the mass range 10 12 − 10 15 h −1 M with all the other mass functions. For M > 10 15 h −1 M our MF agrees well with that of [53] (see the following). The latter MF also agrees with simulations data of more recent mass functions to better than 2% accuracy, while [55] , based on the Millennium-XXL simulations, agrees to 5% with those simulations, [54] do so to 5 − 10%, and [52] to 2%. In the right panel of figure 2 , we plot the ratio between the Bhattacharya MF and ours. The discrepancy remains under 3% for the whole mass range 10 12 -10 16 h −1 M .
In the panels of figure 3 and 4, we plot the MF for different redshifts. The solid lines show our MF related to the multiplicity function given by Eq. (3.10), while on the left panel, the dashed line displays the MF related to the multiplicity function (Eq. (3.7)) of [68] and the diamonds with error-bars represent the MF obtained in the Bolshoi simulation by [49] . 9 The MF redshift dependence comes from δ c (z). At z = 0, the rightmost dashed curve, the mass function of [68] , deviates from simulation data by less than 10% in the mass range M vir = 5 × 10 9 − 5 × 10 14 h −1 M . At higher redshifts, [68] overpredicts simulation results, and that overprediction increases with redshift. At z = 6, and for masses M vir = 1−10×10 11 h −1 M , [68] predicts 1.5 more halos than the simulation. The situation is much worse at z = 10 since the MF of [68] predicts 10 times more haloes than the simulation. Our mass function (solid line) is in good agreement with the simulation with deviations 3%, calculated by average on each curve from the central values, intersecting all the error bars.
In addition, as already reported, our result is also in agreement with simulations by [56] and [95] . In contrast, our result shows an increasing overprediction of the mass function of [68] going to larger masses and higher redshifts, together with a steepening of the MF with mass (there is a greater disagreement at larger masses). As stressed by [56] , this behaviour reveals MF non-universality (i.e. dependence on redshift and cosmology), as the MF dependence with z doesn't follow just the amplitude of σ(M ) (see definition in Appendix B or [49] 's Appendix B). Although our MF (Eq. 3.10) displays a universal-like structure, similarly to ST [68] , its dependence on cosmology and z differs from universal. This can be understood as follows. [68] ; the purple dotted curve the Jenkins mass function [35] ; the cyan short-dashed-dotted curve the Warren mass function [51] ; the brown dashed and the pink dashed-dotted curves the two Reed mass functions [46, 48] , respectively; the gray dashed-dotdotted curve the Angulo mass function [55] ; the green and the violet solid curves show the Crocce [52] and the Bhattacharya [53] mass functions, respectively. Finally the light blue dashed-short-dashed curve represents the Courtin mass function [54] . Right panel: comparison between our proposed mass function and that of Bhattacharya [53] for different redshifts. We show the ratio of our mass function at a given redshift with respect to the one proposed by Bhattacharya, at z = 0 for ensuring legible separation of the curves, in analogy to their Fig. 5 . The red solid, green dashed and dotted blue lines show the ratio at z = 0, z = 1 and z = 2, respectively. The corresponding data set points are those obtained in Bhattacharya's paper at z = 0, z = 1 and z = 2, respectively.
The universality of the Sheth-Tormen (ST) formula [44, 45] proceeds from the multiplicity function only depending on the collapse threshold δ c , a function both of z and the cosmology. [54] stressed that the literature often neglects the cosmology dependence encoded in δ c , because the Standard Cold Dark Matter (SCDM) scenario spherical collapse model, predicting δ c = 1.686 and ∆ vir = 178 constant in redshift, has long been the structure formation studies' reference cosmology, and this δ c value has been long kept. It has also been shown that taking into account the cosmology dependence of δ c in non-standard cosmology provides a good agreement between analytic and numerical MF [26] . Alternatively, the mass function measured in numerical simulations has been directly fitted by multiplicity functions depending only on σ [35, 51, 96] , the resulting MF being thus manifestly independent of cosmological and redshift evolution, what is commonly understood as "universality" [cosmology and redshift independence of the relation between the linear and non-linear growth of structures; 97].
[54] showed a direct effect of evolution of δ c , and ∆ vir with z and cosmology on the MF, as haloes virialization, which depends upon cosmology and redshift, plays a role in determining it. These results demonstrate the importance of nonlinear effects in the MF prescription. To summarize, the cosmology dependence of the non-linear collapse and virialization process creates deviations from universality, from cosmological model dependence of the spherical collapse threshold, responsible for deviations in the high-mass end of the MF, and accounting for it reduces MF discrepancy between models.
Ref. [49] , preceded by several authors [e.g. 46] , proposed an improvement to the ST mass function, multiplying it by a correction factor
where δ is the linear growth factor normalized to unity today. [49] claimed that the corrected mass function deviates by less than 10% from simulations in the mass range 5 × 10 9 − 5 × 10 14 h −1 M . This is presented in figure 4 , showing the comparison of the Bolshoi data (diamonds) with the correction by [49] (dashed line), and the result of our model (solid line). Note however that calculating the average error on z = 10 yields 38% for the correction by [49] instead of the claimed 10%, as opposed to our 3%. It is evident there that our MF gives a much better result than the correction by [49] .
The results displayed in figures 3 and 4 show that the MF generated from our barrier is in good agreement both with simulations at z = 0 and with their redshift evolution with a precision of the order of 3%. By contrast, the left panel of figure 3 shows the discrepancy between the predictions by [68] and simulations. [45] introduced the effects of asphericity considering an intuitive parametrization of an elliptical collapse without taking into account the interaction with neighbours (isolated spheroid), nor considering the effect of Λ in the barrier. Thus, while their model is an improvement on the spherical collapse based PS model, it remains partial, leading to the aforementioned MF discrepancies with simulations. Our model, in contrast, takes into account the cosmological constant Λ, the effects of dynamical friction and of angular momentum, acquired through tidal torques. Such improvements give rise to a MF in good agreement with simulations, as we will detail in the following. Moreover, barriers increasing with S, like ours, allow mergers and fragmentation, whereas [49] . Curves and symbols are as in the left panel of figure 3 , except that now the dashed line represents the correction by [49] to the ST MF.
barriers decreasing with S [e.g., 73, 74] , are characterised by the facts that all walks cross them and fragmentation is not allowed.
In figure 5 we show the fractional accuracy of our proposed mass function with respect to the numerical mass function of [49] at z = 0. The points and the error-bars correspond to the values from [49] . Note how all the error-bars intersect our curve. Errors are relatively small for low-mass objects and gradually increase towards higher masses. This is easily explained taking into account that the higher the mass, the lower is the number of objects. The point most differing from our mass function has a mass M ≈ 1.75 × 10 14 h −1 M . Over all the points, the accuracy of the mass function presented in this work with respect to the simulation used as comparison is, on average, better than 4%.
It is also interesting to evaluate how the ratio between of our proposed mass function and that of Bhattacharya changes in time. This is shown in figure 2 's right panel where we consider the following redshifts: z = 0, 1, 2. Points and corresponding error bars are those obtained in Fig. 5 of [53] .
The data sets at z = 1 and z = 2 demonstrate that redshift evolution is important and must be taken into account; in addition, over the range of redshifts considered, the overall agreement is of the order of 3%, except for few points at higher masses (low σ) where the agreement is at the 5% level.
Thus, a precise MF requires a precise determination of the barrier, whose shape depends on the effects of dynamical friction, the cosmological constant and angular momentum.
At this stage it is important to emphasize the need for a new and precise MF, especially when it agrees with previous ones [e.g., Bhattacharya's 53] . Multiplicity functions presented in this paper, such as Bhattacharya's and except for our's (Eq. 3.10), are produced by high resolution N-body simulations fits, similar in functional forms to [e.g. 35, 68] . These fits have no theoretical foundations, revealing the importance of obtaining a realistic analytical form 0 .
Figure 5.
Fractional ratio between the numerical MF by [49] and our proposed mass function at z = 0. from first principles. Such form is both able to better "describe" simulations and physically motivated. The MF (3.10) obtained in this paper does provide an excellent prediction of high resolution simulations, and at the same time derives from solid physical and theoretical arguments.
On top of this theoretical advantage, our approach can very accurately predict the dark matter halo distribution at much lower computational cost than high resolution simulations. This is because we can derive its functional form without having to rely on numerical results: it follows up directly by using an improved barrier.
In conclusion, the excursion set approach, with a structure formation physics motivated barrier, produces an excellent approximation to the numerical multiplicity function: improving the barrier form (with more and more physical effects: angular momentum acquisition, non-zero cosmological constant, etc.) increases the approximation accuracy. Moreover, this method displays a remarkable versatility: any effect, such as the presence of a non-zero cosmological constant, is very easy to take into account by embedding it in the barrier.
The role of angular momentum in shaping the MF was discussed in section 2, where we showed that it reduces or prevents structure formation, especially at small scales.
In addition to the δ c dependence on mass, one needs to take into account its time evolution. In figure 6 we plot δ c (z), following [83] for a ΛCDM model [for a generalization to DE models, see 84, 85] , taking into account the angular momentum and Λ for a mass M = 10 11 h −1 M . The dashed line adds the effect of dynamical friction. Angular momentum causes δ c to be a monotonic decreasing function of z while it already is the case for mass M ): δ c (z) is larger than δ co at all values of z. Thus structure formation is "suppressed" at high z by angular momentum. 10 This explains why our MF predicts a smaller abundance than that of [68] with increasing z.
The effect of the cosmological constant can be understood from Eq. (A.1) (discussed in detail in Appendix A). The term involving the cosmological constant has the same effect as those involving angular momentum and DF, namely, slowing down the collapse [41, 42, 82, 98] . This gives rise to a delay in large-scale structure formation, reducing their abundance and steepening the MF. This would also produce a larger proportion of high-z haloes, that would be smaller than the resolution of simulations [99] . At the same time the cosmological constant clearly decreases the number of halos in the high-mass tail, (Feyereisen private communication and paper in preparation).
As discussed by [53] , since at high redshifts the effect of Λ decreases, the non-universal evolution with redshift should be suppressed. However, despite the effect of Λ reducing with z, the non-universal behaviour persists at high z due to other factors [see 54].
Dynamical friction also slows down the collapse, similarly to the cosmological constant. Of the three effects taken into account, angular momentum is the strongest in slowing down the collapse, followed by dynamical friction. 11 Before concluding, we want to point out that the agreement between our MF and the Bolshoi simulation data could be further improved assuming a slight redshift dependence of A 2 and a, as done in many of the papers cited in the Introduction.
Discussion
The determination of a high precision mass function is of fundamental importance. After the first improvements of the PS MF by [42] and [44, 45, 68] , further advances came from N-body simulations, used as tools to calibrate proposed fitting formulas [e.g., 35, 46, 48, [50] [51] [52] [53] [54] 56] and more recently from a new diffusing barrier [93, [100] [101] [102] [103] [104] .
Although MF obtained through simulations yield good approximations in several cases, the simulations black box nature, in which many physical effects are taken into account, makes it difficult to disentangle the role of those mechanisms in the shaping of the MF. In our approach, we selected physical effects known to play an important role in the shaping of the MF and explained with them why the PS MF gives bad fits to the observed MF, and why the ST MF has problems in reproducing it at high z. At the same time, the approach leaves us with a semi-analytical form of the MF in very good agreement with simulations. In this sense our result is much more physical than that of simulations and gives a fit to their results.
The paper shows that the introduction of a moving barrier makes the collapse threshold mass-dependent, contrary to the standard spherical collapse model, but in parallel with extended models where shear, tidal fields and/or angular momentum are taken into account.
An interesting feature of a moving barrier is the possibility to introduce effects such as mergers, tidal torques, dynamical friction, and cosmological effects such as the cosmological constant (note that, as also pointed out by [105] , [44] fitted their mass function with an EdS model).
The effect of introducing the cosmological constant remains minor compared with other effects such as tidal fields and angular momentum, but both the cosmological constant and the angular momentum slow down the collapse.
The positive consequence of these aspects is to solve the PS approach problems, in particular to reduce (increase) the number of objects at low (high) mass [62, 106] . A similar result has been found for the ellipsoidal collapse [44] .
The barrier for the first crossing shapes the mass function and modify its functional form with respect to the simple PS formulation. The improved mass function yields results in very good agreement with N-body simulations [49, 53] , within 3% level at z = 0 and during its time evolution (see Figure 3) . The general behaviour of our proposed mass function is in agreement with other functional forms proposed in literature, such as fits to numerical simulations (see Figure 2) and shares with them, albeit at a lower level, the same problem: an excess of structures with respect to numerical simulations predictions at high redshifts.
where ρ cr,0 is the critical density today (ρ in Eq. (3.1)), M is the halo virial mass and where the expansion parameter is connected to redshift through a = 1/(1 + z). The growth rate factor D(a) can be approximated, for Ω m > 0.1, using the expression proposed by [109, 114] . 12 Since we are going to compare our results to the Bolshoi simulation, we assume the approximation for σ(M ), the r.m.s. density fluctuation where ν ≡ 12 For ΩM,0 = 0.27 the error is smaller than 7 × 10 −4 .
